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Abstract 

Computer simulation is used to predict the residual stresses and distortion of a full-float truck axle that has been 
induction scan hardened. Flux2D® is used to model the electromagnetic behavior and the power distributions inside 
the axle in terms of time. The power distributions are imported and mapped into DANTE® model for thermal, phase 
transformation and stress analysis. The truck axle has three main geometrical regions: the flange/fillet, the shaft, and 
the spline. Both induction heating and spray quenching processes have significant effect on the quenching results: 
distortion and residual stress distributions. In this study, the effects of spray quenching severity on residual stresses 
and distortion are investigated using modeling. The spray quenching rate can be adjusted by spray nozzle design, 
ratio of polymer solution and quenchant flow rate. Different quenching rates are modeled by assigning different heat 
transfer coefficients as thermal boundary conditions during spray quenching. In this paper, three heat transfer 
coefficients, 5K, 12K, and 25K W/(m2·C) are applied with keeping all other conditions same. With the 
understanding of effects of heating and quenching on residual stresses and distortion of induction hardened parts, the 
induction hardening process can be optimized for improved part performance.   

Introduction 

It is well known that changes in thermal distributions throughout an induction hardening process create complicated 
phase transformation and stress evolutions in the component. Both residual stresses and mechanical properties of 
hardened pattern have significant impact on service performance of the heated treated parts. The induction 
hardening of steel components is a highly nonlinear transient process and the changes in stress state due to the 
hardening process are not intuitively understandable in general. With the development of FEA modeling capability 
in the past decades, both electro-magnetic and thermal stress analyses of the induction hardening have become more 
mature, and they have been successfully applied to understand and solve industrial problems [1]. The mechanical 
properties and residual stresses can be predicted by finite element analysis, which will further be used to analyse the 
mode and location of fatigue failures [2-5]. The component geometry and process can be also optimised to reduce 
part weight, manufacturing cost, and improve performance.  

Induction hardening of steel components is a common processing method due to its fast heating times, high 
efficiency, and ability to heat locally. However, predicting the final properties of a component after induction 
processing adds another layer of complexity. Not only temperature and structure have to be considered, but also 
electromagnetism. When hardening steel, the magnetic properties change throughout the process, affecting the 
thermal distribution and structure. Coupling these various phenomena to reach the end properties after treatment is a 
state of the art technology.  

A simulation method is developed to use coil design and process settings combined with material and structure to 
calculate the post-process properties. This stage in the study focuses on the simulation steps needed to produce 
reliable results. Studies have been successfully accomplished for the development of simulation techniques for the 
prediction of electromagnetic and thermal effects, coupled with structural changes to predict a hardness pattern [6]. 
The recent drive is to go a step further for the inclusion of stress levels involved with thermally induced structural 
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changes. This provides a more complete picture of the ultimate material properties. An investigation of stress and 
distortion modelling of a simple case of ID and OD hardening of a tubular product was previously studied and 
reported on [7]. It was next desired to perform a study on a component common in industry with a more complex 
geometry and subjected to external stresses in service. The case chosen for this study is a full-float truck axle with 
dimensions typical to those manufactured by Dana Corporation. The choice of an axle, a common automotive 
component, allows for a comparison of simulation results to desired axle properties. The results are discussed in 
comparison to typical performance criteria for the case chosen. The ultimate goal of this continuous study is to 
produce results representative of actual part performance. 

Descriptions of Axle Geometry, FEA Model and Heat Treatment Process  

Truck Axle Geometry and FEA Model for Thermal/Stress Analysis 
Axles must be surface hardened for durability to prevent failure in service. The hardening process is commonly 
performed by induction scanning. How the induction scan process is performed affects the induced stresses and 
distortion. During induction hardening of truck axles with shaft lengths over 1 meter, the main concerns are the 
bowing distortion and the amount of growth in length. The bowing distortion can be minimized by proper inductor 
design, high quality process controls and structural support mechanisms. Excessive heat internal to the shaft is the 
main contributor to this problem, which can be evaluated by simulation. Change in length is affected by both heating 
and cooling rates of the shaft, and this is again a nonlinear process. A full-float truck axle from Dana Corporation is 
selected in this study. A simplified CAD model is shown in Figure 1(a). The length of the shaft is 1008 mm; the 
fillet radius between the flange and the shaft is 9.52 mm; and diameter of the shaft is 34.93 mm; the thickness of the 
flange is 16.5 mm, and its diameter is 104.5 mm; the spline has 35 teeth in total. Figure 1(b) shows the finite 
element mesh of a single 3D spline tooth used in DANTE for thermal, phase transformation, and stress analyses. 
Cyclic symmetry boundary condition is used, so the single tooth represents the entire part with the assumption that 
all the teeth behave the same. Fine surface elements are used to catch the thermal and stress gradients effectively in 
the surface.  

(a) 

(b) 
Figure 1: (a) CAD model, and (b) single spline tooth FEA model of the full-float truck axle. 
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The axle is made of AISI 1541, and the nominal chemical composition is used in this modeling study. Phase 
transformations are involved in both induction heating and spray quenching processes. During induction heating, the 
surface of the part transforms to austenite. During spray quenching, the austenite transforms to ferrite, pearlite, 
bainite, or martensite depending on the cooling rate. Accurate descriptions of phase transformations and mechanical 
properties of individual phases are required for thermal stress analysis [8]. Figure 2 (a) shows the TTT diagram of 
AISI 1541 generated from the DANTE database. The TTT diagram is not used by DANTE directly, but the 
analytical phase transformation models and database contain all the TTT diagram information. Figure 2(b) shows a 
dilatometry strain curve during martensitic transformation under continuous cooling. This dilatometry strain curve 
provides the martensitic transformation starting temperature (Ms), martensitic transformation finishing temperature 
(Mf), transformation strain, and coefficients of thermal expansion (CTE) for both austenite and martensite. Because 
the cooling rate during induction spray quenching is fast, the martensitic transformation is the main phase 
transformation type in this case study.     

                                                         (a)                                                                      (b) 
Figure 2: (a) TTT diagram, and (b) dilatometry strain curve of martensite transformation for AISI 1541. 

Heat Treatment Process Description 
During the scanning induction hardening process, the axle is positioned vertically with the flange on the bottom of 
the fixture. The distance between the inductor and the spray is 25.4 mm.   The process starts with a 9 second static 
heating period on the flange/fillet. Scanning then begins, with the inductor travel speed of 15 mm/s.  After 1.5 
seconds of scanning, the scan speed is decreased to 8mm/s and it remains at this speed. The power is turned off after 
an additional 119.65 seconds; this occurs before the end of shaft is austenitized. Spraying continues after the power 
of the inductor is turned off to complete the martensitic transformation of the austenitized section of the shaft.   

Inductor Design and Modelling of Power Density 

It is critical not only to meet the hardened depth requirement, but also prevent excessive heating in regions, such as 
the flange, the core and end of the shaft. Too much heat in these regions is known to increase the cracking 
possibility, and may lead to excessive distortion. The minimum case depth requirement for the shaft of this axle is 
5.4 mm, and the case depth is defined by 40 HRC.  

The inductor needs to be designed carefully to prevent cracking and excessive distortion. A machined two-turn coil 
with magnetic flux concentrator was chosen and configured using Flux2D. An example of a fully assembled coil of 
this style is displayed in Figure 3(a). The view is from the bottom of the coil. Inductor optimization steps were 
followed [7]. The bottom turn is profiled to help drive heat in the radius. The profile design is guided by providing 
the most amount of heat in the radius, while preventing a bulged heating pattern in the base of the shaft or on the 
flange. Flux concentrator Fluxtrol A® was applied to the bottom turn to further help drive heat into the radius and 
partially shield flux from coupling with the shaft to prevent a bulged pattern. The top turn is needed to aid in the 
scan process by widening the heat zone on the shaft. This allows for a faster scan speed. In Figure 3(a), the green 
material is Fluxtrol A®, surrounded by a grey quench body assembly. A quench body is mounted to the coil, which 
sprays quenchant about one inch below the coil. The quench is described in Flux2D by a heat transfer coefficient. 
The quench follows at a location one inch below the coil with the same scanning speed of 8 mm/s. 6% polymer 
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solution is used as the quenchant, and in this paper three quenching rates are studied with the assumed heat transfer 
coefficients of 5K, 12K, and 25K W/(m2·C) . A finite element meshing used to model the axle by Flux2D is shown 
in Figure 3(b), with a schematic temperature distribution focusing on the flange and the fillet regions. 

Figure 3: (a) Full assembly of a two-turn axle scan coil with quench body, 
(b) Fillet area of axle modelled with Flux 2D, mesh elements. 

The material of the axle is magnetic, and the power density distribution varies greatly as the temperature exceeds the 
Curie point. The inductor frequency is 10 kHz, which is the common operating frequency of the Dana induction 
machines for this class of parts. The difference in skin effect can be seen easily during the scan of the shaft. The 
portion of the shaft above the bottom turn has high skin effect since it is under the Curie point. The bottom turn 
provides more intensive heating which drives the case depth and results in a deeper penetration of power at its heat 
face. Specifically when to turn off power at the end of the process can be calculated in Flux2D by determining the 
temperature profile as the coil approaches the edge of the spline. Three snapshots of power distribution predicted by 
Flux2D are shown in Figure 4. In these three snapshots, the inductor delivers power to the flange/fillet, the shaft, and 
the spline, respectively.  

Figure 4: Power density distribution in fillet area at end of dwell (left),  
shaft (middle), and spline at end of heat (right). 

Power Density Mapping from Flux2D to DANTE  
Different finite element meshes are used for Flux2D and DANTE models due to different physics and accuracy 
requirements. A 3D finite element mesh of a single spline tooth is used in DANTE for thermal, phase 
transformation, and stress analyses. Fine surface elements are used to model the thermal and stress gradients 
effectively near the surface. The power densities in the axle predicted by Flux2D are imported and mapped into 
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